The active conformation of native peroxisomal 3-ketoacyl-CoA thiolases (EC 2.3.1.16) is homodimeric. We have previously shown that a truncated Saccharomyces cerevsiae thiolase lacking its first 16 N-terminal amino acids fails to be translocated into peroxisomes but assembles into an enzymatically active form in the cytoplasm of a strain with a disrupted nuclear thiolase gene. We now report that when truncated thiolase is cosynthesized with full-length thiolase, -50% of truncated thiolase cofractionates with the full-length thiolase to fractions enriched for peroxisomes and is translocated into peroxisomes as shown by its protection from the action of external proteases. We constructed an immunologically distinct cytosolic variant of thiolase by adding an influenza hemagglutin epitope tag to the N terminus of the truncated thiolase. Cells grown in induction medium were harvested and converted to spheroplasts by digestion with Zymolyase 100T. Spheroplasts were harvested, resuspended in disruption buffer (5 mM Mes-KOH, pH 6.0/0.6 M sorbitol/0.5 mM EDTA/0.1% ethanol/i mM phenylmethylsulfonyl fluoride; ref. 11), and homogenized with 10 strokes of a motor-driven Potter-Elvehjem homogenizer. A postnuclear supernatant (PNS) fraction was prepared and recentrifuged at 20,000 x g for 20 min to obtain a pellet enriched for peroxisomes and mitochondria and a supernatant enriched for cytosol (12). The pellet was sometimes further fractionated on a Nycodenz gradient to yield a purified peroxisomal fraction (8, 11) .
ABSTRACT
The active conformation of native peroxisomal 3-ketoacyl-CoA thiolases (EC 2.3.1.16) is homodimeric. We have previously shown that a truncated Saccharomyces cerevsiae thiolase lacking its first 16 N-terminal amino acids fails to be translocated into peroxisomes but assembles into an enzymatically active form in the cytoplasm of a strain with a disrupted nuclear thiolase gene. We now report that when truncated thiolase is cosynthesized with full-length thiolase, -50% of truncated thiolase cofractionates with the full-length thiolase to fractions enriched for peroxisomes and is translocated into peroxisomes as shown by its protection from the action of external proteases. We constructed an immunologically distinct cytosolic variant of thiolase by adding an influenza hemagglutin epitope tag to the N terminus of the truncated thiolase. In a strain simultaneously expressing the full-length, truncated, and epitope-tagged truncated thiolases, we demonstrated that normally untargeted thiolase subunits are efficiently translocated into peroxisomes by dierization with full-length thila subunits. Even though truncated and epitope-tagged truncated thiolase subunits are translocated into peroxisomes in this strain, only the full-length thiolase subunit can be coimmunoprecipitated with the epitope-tagged truncated thiolase subunit from the peroxisomal matrix. This observation suggests that interactions between thiolase subunits are not disrupted during translocation.
Proteins destined for secretion, membrane integration, or assembly into organelles are sorted with high fidelity to their respective intracellular sites by virtue of targeting signals encoded within the primary structures of the nascent polypeptides themselves. The principal role of targeting signals is to mediate the engagement of the targeted protein with components of a specific translocation machinery. There is abundant evidence that the translocation-competent conformations ofposttranslationally translocated proteins contain a minimum of tertiary structure (1) (2) (3) (4) . For peroxisomal matrix proteins, two types of peroxisomal targeting signal (PTS) have been identified. PTS-1 variants are conserved tripeptide motifs found at the C termini of many peroxisomal matrix proteins. They are identical to or conserved variants of the prototypical Ser-Lys-Leu PTS-1 of firefly luciferase (5, 6) . The N-terminal 11 amino acids of rat peroxisomal thiolase constitute a second type of PFS, designated PTS-2, which resides on a cleavable presequence (7 6 .0/0.6 M sorbitol/0.5 mM EDTA/0.1% ethanol/i mM phenylmethylsulfonyl fluoride; ref. 11) , and homogenized with 10 strokes of a motor-driven Potter-Elvehjem homogenizer. A postnuclear supernatant (PNS) fraction was prepared and recentrifuged at 20,000 x g for 20 min to obtain a pellet enriched for peroxisomes and mitochondria and a supernatant enriched for cytosol (12) . The pellet was sometimes further fractionated on a Nycodenz gradient to yield a purified peroxisomal fraction (8, 11) .
Protease Protection. In protease-protection experiments, 500 ,ug of protein from the pellet was treated with 1% Triton X-100/1% deoxycholate for 15 min on ice, followed by protease digestion with various amounts of trypsin or thermolysin for 20 min on ice. Duplicate samples were treated as above but in the absence of detergents. Digestions were terminated by addition of hot SDS/polyacrylamide gel electrophoresis sample buffer and immediate boiling.
SDS/Polyacrylamide Gel Electrophoresis and Immunoblot Analyses. SDS/polyacrylamide gel electrophoresis was performed on 10%o or 7-15% gradient polyacrylamide gels (13) .
Immunoblot analysis was performed essentially as described (14) . Nitrocellulose was blocked with 1% skim milk in 20 mM Tris-HCl, pH 7.5/150 mM NaCl/0.05% Tween 20 (21) (22) (23) , was broadly distributed when the organellar pellet was subfractionated on a discontinuous Nycodenz gradient ( Fig. 1 C and D) . Nevertheless, the specific occurrence of thiolase was 4-fold higher in the peroxisome-enriched fractions relative to the mitochondriaenriched fractions. Significantly, the distribution oft-thiolase matched that of fl-thiolase in all fractions.
To determine whether t-thiolase and fl-thiolase were inside the peroxisome or associated with the cytoplasmic face ofthe peroxisomal membrane, samples ofthe organellar pellet were subjected to digestion with proteases in the absence or presence of detergents (Fig. 1E) IFor high-copy number plasmid expression, constructs were transferred to plasmids pRS423 and pRS425 (19) .
A lanes 1 and 2 to lanes 5 and 6), in a manner comparable to that of t-thiolase. When both t-thiolase and epitope-tagged t-thiolase were expressed together in the same cell with fl-thiolase (strain DL1 [AN + HA]), the amounts of translocated epitopetagged t-thiolase and t-thiolase were quantitatively in agreement with the random formation of dimers among all available subunits (Fig. 2B Upper, lanes 1-3) . Expression of epitope-tagged t-thiolase and t-thiolase from high-copy number plasmids (DL1[AN + HA]HC) resulted in levels of these monomers 5-7 times that ofthe fi-thiolase monomer (Fig. 2B,  lane 9 ). Under these conditions, virtually all fl-thiolase monomers should be dimerized with one or the other of the untargeted monomers. As expected, the combined quantity of the two cytosolic forms of thiolase fractionating to the pellet was roughly equal to that of fl-thiolase (Fig. 2B, (lanes 3 and 11) . A second aliquot was treated with 1% Triton X-100 for 30 min on ice and centrifuged at 20,000 x g for 20 min to yield a supernatant (S, lanes 4 and 12) and a pellet (P, lanes 5 and 13). The third aliquot was treated with 10 mM Tris HCl, pH 8.5/2.5 mM EDTA/0.5 M NaCl for 30 min on ice and centrifuged at 100,000 x g for 30 min to yield a supernatant (S, lanes 6 and 14) and a pellet (P, lanes 7 and 15). An equivalent portion of each fraction was loaded onto the gel to facilitate visual comparison of band intensity. Duplicate blots were probed with anti-thiolase serum (Upper) (anti-SCT; 1:5000 dilution) and an antiserum directed against a synthetic peptide corresponding to the C terminus of firefly luciferase (Lower) (anti-SKL; 1:200 dilution). Antigen-antibody complexes were detected with 125I-labeled protein A and exposure of the blots to a Phosphorlmager storage screen (Molecular Dynamics).
the targeted subunit or selective exclusion of an untargeted subunit would have been detected in the profiles of translocated thiolases.
Treatment of mammalian peroxisomes with agents that disrupt the peroxisomal membrane solubilizes components of the peroxisomal matrix to varying extents (21, 22) . The low solubility of some components of the peroxisomal matrix Biochemistry: Glover et al. (Fig. 2B Upper, lanes 6 and 7) . Two peroxisomal matrix proteins corresponding in molecular mass to a multifunctional enzyme (96 kDa; ref. 27 ) and the peroxisomal isozyme of citrate synthase (52 kDa; ref. 28) were detected by an antiserum generated against the SerLys-Leu PTS-1 of firefly luciferase (15) . Neither protein was solubilized by Triton X-100/deoxycholate (Fig. 2B Lower,  lanes 4 and 5 and lanes 12 and 13) , indicating that these proteins associate more strongly with the peroxisomal matrix than does thiolase; however, like thiolase, these proteins were completely solubilized by 10 mM Tris HCI, pH 8.5/2.5 mM EDTA/0.5 M NaCI (Fig. 2B Lower, min, chased for 20 min with unlabeled methionine, and subjected to subcellular fractionation. The supernatant and pellet fractions were brought to 10 mM Tris HCl, pH 8.5/2.5 mM EDTA/0.5 M NaCl to solubilize peroxisomal matrix proteins, and the thiolases were immunoprecipitated with either anti-thiolase serum or a monoclonal antibody that recognizes the HA epitope tag (12CA5mAb). When the immunoprecipitated complexes were analyzed by SDS/ polyacrylamide gel electrophoresis, the pattern of distribution for the three forms of thiolase (Fig. 3, lanes 1 and 2) was similar to that seen in immunoblots with anti-thiolase serum (cf. Fig. 2, lanes 2 and 3) . 12CASmAb immunoprecipitated the epitope-tagged t-thiolase, fl-thiolase, and t-thiolase from the supernatant and the epitope-tagged t-thiolase and flthiolase, but not the t-thiolase, in a nearly 1:1 ratio from the pellet (Fig. 3, lanes 3 and 4, -e idea that only dimers containing at least one targeting signal are imported into peroxisomes and that interactions between thiolase subunits are not disrupted during translocation. DISCUSSION t-thiolase and epitope-tagged t-thiolase associate with and are translocated into peroxisomes only when coexpressed with fl-thiolase. This result can be best explained by a model in which a randomly mixed population of dimers of all available thiolase subunits is formed in the cytoplasm, and only dimers containing at least one targeting signal are then translocated into peroxisomes. When two distinct thiolase subunit types are expressed at approximately equal levels, 50%16 of each subunit type will form heterodimers and 50% will form homodimers. Fig. 2A shows that t50% of the t-thiolase or of the epitope-tagged t-thiolase, presumably as heterodimers with fl-thiolase, was associated with the organellar pellet fraction, whereas 50% of each t-thiolase was cytosolic, presumably as homodimers with itself.
When t-thiolase and epitope-tagged t-thiolase are expressed at high levels relative to the endogenous fl-thiolase, as in the strain DL1[AN + HA]Hc, essentially all of the fl-thiolase subunits will be heterodimerized with one or the other of the normally untargeted truncated thiolase subunits. Dissociation of subunits at some early step of translocation might allow monomers lacking a PTS to be released back into the cytoplasm. Such a scenario would be reflected as a pronounced difference between the amount of fl-thiolase and the total amount of truncated thiolases detected in the translocated fraction. The observation that the total amount of t-thiolase and epitope-tagged t-thiolase is roughly equal to the amount of fl-thiolase in the translocated fraction (Fig. 2B , lane 11) suggests that subunits lacking their own targeting signal are nevertheless efficiently translocated. Furthermore, the relative amounts of epitope-tagged t-thiolase and t-thiolase in the imported fraction indicate that there is no preferential interaction of fl-thiolase with either t-thiolase or epitope-tagged t-thiolase in regard to translocation.
Immunoprecipitation with the HA epitope-specific monoclonal antibody was used to determine the composition of dimers containing at least one epitope tag. Determination of the composition of epitope-tagged dimers in the translocated fraction of DL1[AN + HA] can be used to discriminate between two possible modes of translocation. In one scenario, both subunits of a heterodimer are engaged simultaneously by the translocation apparatus on the cytoplasmic side of the peroxisomal membrane but are subsequently dissociated and translocated across the membrane independently. Monomers released into the peroxisomal lumen would then be free to dimerize with any available subunits. In this case, epitope-tagged dimers should be composed of a random mixture of epitope-tagged t-, t-, and fl-thiolase subunits. However, epitope-tagged dimers in the translocated fraction are composed only of epitope-tagged t-thiolase and fl-thiolase in an approximately 1:1 ratio (Fig. 3) . This observation suggests a model in which thiolase subunits are translocated as dimers, thereby preventing equilibration with other translocating thiolases in the peroxisomal matrix. However, we cannot exclude the possibility that epitope-tagged t-thiolase-t-thiolase dimers are underrepresented in the immunoprecipitations, either because of the inherent instability of such dimers or because epitope-tagged t-thiolase subunits redimerize in a nonrandom fashion with fl-thiolase.
Oligomerization of glyoxysomal malate synthase (29) and Candida boidinii peroxisomal alcohol oxidase (30) which are deficient in peroxisome assembly, are fused. However, this redistribution is inhibited when the cells are treated with 3-aminotriazole, which covalently modifies catalase and stabilizes its folded structure (31) . These observations suggest that peroxisomes cannot always import folded oligomerized proteins. Moreover, oligomerization of proteins appears to inhibit import into mitochondria. Disruption ofa domain required for tetramerization ofa chloramphenicol acetyltransferase passenger domain was required for the in vivo import into mitochondria of an apoiso-l-cytochrome c-chloramphenicol acetyltransferase fusion (32) . Similarly, deletion of an internal segment of the (3 subunit of mitochondrial F1-ATPase needed for tetramerization eliminates the requirement for ATP in in vitro import (33) .
In contrast, purified octameric alcohol oxidase from peroxisomes of the yeast Pichia pastoris was rapidly incorporated into punctate structures after microinjection into mammalian cells (34) . Some, but not all, of these punctate structures costained with anti-catalase antibodies. Similarly, fusion of some complementary Zellweger fibroblast lines resulted in the very rapid assembly of preexisting active catalase (i.e., heme-containing tetramers) into peroxisomes (35) . Although there is no direct evidence that the rapid import of these proteins does not involve at some point the unfolding and disassembly of subunits that are then translocated independently, the possibility that preassembled oligomers are translocated into peroxisomes cannot be ruled out.
Interestingly, the translocation into peroxisomes of human serum albumin decorated with a number of covalently linked 12-amino acid peptides containing the PTS-1 tripeptide SerLys-Leu has been observed in both microinjected (36) and streptolysin 0-permeabilized (37) mammalian cells. The translocon of the mitochondrion apparently can also accommodate such "branched" polypeptides, as shown by the import of cytochrome c oxidase chemically cross-linked to a mitochondrially targeted dihydrofolate reductase-fusion protein construct (38) .
The aspect of translocation of such complexes that is pertinent to the modeling of thiolase translocation is that at least two polypeptide segments are obliged to occupy the translocation machinery simultaneously. Since, to our knowledge, nothing is currently known about the structural requirements for dimerization ofthiolase monomers, one can speculate that the bulk of the thiolase dimer could be unfolded without disrupting the interface between monomers. Nevertheless, for monomers to remain associated throughout the translocation event, at least the segments of both monomers containing the dimer interface must cooccupy the channel of the translocon.
